Pulsed-f ield gel electrophoresis (PFGE) was used to examine chromosomal DNA from various strains of Thiobacillus fbmxidans: these were the reference strain VKM-458, strains isolated from different environments and pilot plants for processing gold-bearing concentrates, and strains experimentally adapted to high zinc and arsenic concentrations in growth medium. The restriction endonuclease Xbal digested T. femxidans VKM458 chromosomal DNA into a number of fragments sufficient for identification of their size and calculation of the size of the entire genome (2855f44 kb). Restriction fragment length polymorphism of the chromosomal DNA in various strains suggests the usefulness of this approach for analysis of the diversity of 1 . femoxidans strains and for the study of strain stability under conditions of industrial utilization. A comparison of Xbal-restriction patterns in parent strains and in strains with acquired enhanced resistance to zinc or arsenic revealed amplification of certain fragments in the resistant strains, i.e. a 98 kb fragment in strain TFZ and a 28 kb fragment in strain VKM458As2. We suggest that the enhanced resistance to toxic metals in 1. fbmoxidans is gained through increase of the copy number of resistance genes and enhanced synthesis of proteins involved in resistance.
INTRODUCTION
Thiobacillus ferrooxidans is a Gram-negative, acidophilic, obligately lithotrophic bacterium which derives the energy required for growth from the oxidation of iron or reduced sulfur compounds and possesses high resistance to toxic metal ions. Its peculiar metabolic properties make T. ferrooxidans an important bacterium in the iron and sulfur cycles of extreme environments. T. ferrooxidans is also one of the most important micro-organisms employed for metal-leaching in mining processes, stimulating genetic studies of this bacterium. The achievements in the molecular genetics of T. ferrooxidans in the last decade have been reviewed by Rawlings & Kusano (1994) . Recently, Peng e t al. (1994) demonstrated the transfer of broad-host-range plasmids and transposons Abbreviations: PFGE, pulsed-field gel electrophoresis; RFLP, restriction fragment length polymorphism.
from Escbericbia coli to T. ferrooxidans by conjugation and expression of selective markers. This group showed that arsenic-resistance genes, derived from plasmid R773 and introduced into T. ferrooxidans strains, significantly enhanced T. ferrooxidans resistance to NaAsO,. The success in molecular genetics of T. ferrooxidans suggests its application for improvement of industrial bioleaching processes.
The aim of the present work was to reveal structural changes in chromosomal DNA of T. ferrooxidans strains that occur under the influence of varied growth conditions. We used pulsed-field gel electrophoresis (PFGE) to separate the DNA fragments generated by the restriction endonuclease XbaI. We present the characteristics of chromosomal DNA from the reference strain T. ferrooxidzns VKM-458, from collection strains, strains isolated from different habitats (ore deposits, mineral processing plants), and strains with experimentally enhanced resistance to zinc and arsenic ions. 
METHODS
Bacterial strains and growth conditions. The strains of T. ferrooxidans used in the study are presented in Table 1 . The strains were maintained at 4 OC in Silverman-Lundgren medium (Silverman 8c Lundgren, 1959) or on the same medium solidified with 0.5 % agarose (Lachema). Bacterial cells for DNA isolation were grown overnight in 250 ml Erlenmeyer flasks, containing 50 ml medium, on a rotary shaker (150 r.p.m.) at 28 OC. The initial pH of the medium was 1-8-20. Cells in late exponential phase were harvested by centrifugation at 50000 g for 50 min at 4 OC, and washed successively with sterile medium, 0.005 M Arsenic resistance of T. ferrooxidans. This was studied in cultures growing on solid medium. All components of the medium were sterilized separately and mixed immediately prior to pouring in Petri dishes. Arsenic was introduced in the form of Na,AsO, solution to make up the following concentrations of As3+ (g 1-' ) : 0.5, 1.0, 1*5,2*0, 3-0,4.0. Five-day slant cultures of T. ferrooxidans on the agarose medium without arsenic were used as an inoculum. After inoculation by streak plating, dishes were incubated at 28 "C, and growth followed for 14 d.
Preparation of intact genomic DNA and restriction digests.
Cell suspension (300 pl) was mixed at 42 O C with 450 pl 1-1 % (w/v) solution of low-melting-point agarose (Serva) in 0.125 M EDTA. The liquid mixture was pipetted into plastic moulds (less than 1 mm thick) and allowed to solidify at 4 OC for at least 20 min. The hardened agarose blocks were then pushed into 0.5 M EDTA, pH 8.0, which contained 1% (w/v) sodium lauroylsarcosine (Sigma) and proteinase K (200 pg ml-') in 0.5 M EDTA. Blocks were kept at room temperature for 1 h and then incubated at 55 "C for 16 h. Prepared blocks were carefully washed with distilled water and kept in 0.5 M EDTA at 4 O C . Inserts to suit the sizes of the gel plate wells were cut from the blocks, washed with distilled water, and then incubated in digestion buffer specific for each restriction endonuclease. Since the G + C content of T. ferrooxidans DNA exceeds 50 mol % (Karavaiko, 1989) , enzymes with GC-poor recognition sites were tested. The genomic DNA was digested with 14 restriction enzymes : Bcdl, BgLII, Bspl191, Bsul51, DraI, Eco321, EcoRI, HindIII, MboI, MunI, PpulOI, PvuI, ScaI, XbaI. Restriction endonucleases were obtained from MBI Fermentas, Lithuania. Restriction endonuclease digestions were performed in 30 p1 restriction buffer with 40 U enzyme at 37 OC for 2 h. After digestion, the buffer was aspirated, gel inserts were stained with bromophenol blue, and then loaded in wells of a 1 % (w/v) agarose gel in 0.5 x TBE (1 x TBE is 90 mM Tris base, 90 mM boric acid, 2.5 mM EDTA, pH 8.0).
DNA fragment separation. PFGE was used to separate DNA fragments with a device constructed by the science-industrial cooperative ' Diagnosticum '. Separation was performed in 0 5 x TBE at 10-13 V cm-'. Pulse time and duration of electrophoresis were varied depending on the required resolution range. The running buffer temperature was noted in each experiment. Gels were stained with ethidium bromide and photographed as described by Carle & Olson (1985) . Lambda DNA concatamers and lambda DNA digested with Hind111 were used as molecular mass standards and prepared as described by Mathew e t a/. (1988) . monitored when used in biotechnological metal leaching : the dominant strain can be identified, strain stability can be followed, and competition between the experimentally selected strains can be studied. By this means we have identified strains of T. ferrooxidans which dominated during growth in a medium with high zinc content. PFGE profiles changed according to the substrate being oxidized. An example of the appearance of new fragments is presented in Fig. 2 . In the opinion of Rawlings & Kusano (1994), T. ferrooxidans would have a limit for genetic exchange with other soil micro-organisms as the result of its living in extreme conditions. These authors exclude an occurrence of an unusually large amount of genetic drift in T. ferrooxidans. We did not specifically study this problem. However, instability of the XbaIrestriction site localization in chromosomal DNA of this bacterium and plasmid and transposon transfer from E. coli to T. ferrooxidans by conjugation (Peng e t al., 1994) suggest a significant genetic drift.
RESULTS AND DISCUSSION

Characteristics of chromosomal DNA in T. ferrooxidans strains with different zinc resistance
XbaI-restriction patterns of chromosomal DNA were compared in two T. ferrooxihns strains : the parent strain TFY resistant to 40 g Zn2+ 1-1 and the selective strain TFZ resistant to 70 g Zn2+ 1-l. The latter strain was obtained in the process of adaptation of the parent strain to increasing concentrations of zinc ions (from 40 to 90 g 1-' ) in the medium. The restriction pattern of the chromosomal DNA in strain TFZ is similar to that in strain TFY in the fragment size range below 160 kb (Fig.  3a) . However, the restriction pattern of strain TFY contained fragments of 352, 304, 262, 224, 210, 198, 182 and 170 kb which were missing from the restriction pattern of the selected strain TFZ. The intensity of fluorescence of at least six upper bands differed from the fluorescence of the equimolecular amount of the same-size fragments from chromosomal DNA. It seems likely that the fragments from strain TFY contain the XbaIrestriction sites less susceptible to digestion as compared to the same sites in DNA of strain TFZ. One possible reason may lie in methylation of some restriction sites in chromosomal DNA of strain TFY. In the XbaI-restriction pattern of chromosomal DNA from strain TFZ, we observed more intense fluorescence of a band corresponding to 98 kb fragments as compared to fluorescence of the same band in the restriction pattern of the parent strain (Fig. 3b) . These data permit the following suggestions: (1) the gene coding for zinc resistance is located in the 98 kb fragment of DNA since the zinc content was the only varied parameter of the medium in selection of strain TFZ; (2) adaptation of the culture to growth under increased zinc concentration caused amplification of the 98 kb fragment; (3) the increase of zinc-resistance gene copy number leads to increased synthesis of encoded proteins involved in operation of the resistance mechanism with the resulting enhancement of zinc resistance ; (4) the resistance operon is regulated by zinc ions serving as an inducer.
Characteristics of chromosomal DNA in T. ferrooxidans strains with different arsenic resistance
We also compared XbaI-restriction patterns of two T.
ferrooxidans strains : the parent strain VKM-458 and strain VKM-458As2. Strain VKM-458As2 was isolated from an individual colony on a solid medium inoculated with strain VKM-458Asl which was obtained as the result of 10 transfers of T. ferrooxidans VKM-458 culture in a liquid medium with an arsenopyrite concentrate at a pulp density of 10% (w/v). The content of arsenic in the concentrate was 6.5% by weight. The minimal inhibitory concentrations for strains VKM-458, VKM-458As1, and VKM458As2 were 1, 3, and 4 g As3+ l-l, respectively. PFGE analysis of XbaI-restriction patterns, under the conditions which provide resolution of fragments larger than 100 kb (12 V cm-l, 25 s pulse, 11 OC, 44 h run), did not show a distinction between the parent strain and strain VKM458As2 possessing higher arsenic-resistance (Fig. 4a) . No differences between the restriction patterns were revealed under PFGE conditions that resolved fragments within the size range 50-100 kb (10 V cm-', 10 s pulse, 19 OC, 69 h run) (Fig. 4b) . However, PFGE performed at 12Vcm-l, with a 5 s pulse, at 2OoC for a 68 h run revealed a greater fluorescence of one band in the restriction pattern of VKM-458As2 (Fig. 4c) 1989) . The authors analysed genomic locations of the family I repeats, prior to and after several months of subculturing of T. ferrooxidans under batch regime in the presence of high Cu2+ concentrations, and showed pronounced changes in the location of one of the repeats. These changes were suggested to be associated with the adaptation process. The following mechanism was proposed to explain the role of repeated DNA elements in the process of adaptation: the repeats could promote intrachromosomal recombination or plasmid-chromosomal recombination leading to new genomic combinations. Occurrence of repetitive sequences in both the chromosome and the plasmid provides the means of exchanging genetic information between these two parts of the genome and allows the plasmid to influence the expression of chromosomal genes. It is not inconceivable that translocation of such sequences within the genome can affect the location of restriction sites on chromosomal DNA thus leading to RFLP in T. These studies can also indicate early changes in DNA structure which develop in response to environmental effects. PFGE proves to be an adequate method for the above studies of chromosomal DNA in different strains of T. ferrooxidans.
